Synopsis Oxytocin has gained a reputation in popular culture as a simple "love drug" or "cuddle hormone", yet emerging biological evidence indicates that the effects of oxytocin are complex, mediating a suite of behavioral traits that range from ultrasocial to antisocial. Here we provide a comprehensive review to assess the salience of oxytocin in the lives of free-living social mammals. We reviewed the literature to understand the potential effects of oxytocin in promoting prosocial and antisocial behaviors in non-human mammals. Our review highlights a strong bias for studies of model organisms in highly-controlled settings, and emerging evidence for oxytocin's antisocial, context-specific and sexspecific effects. We discuss the results of the review in the context of insights gained from a pilot study aimed to investigate the potential for oxytocin to promote social cohesion in free-living yellow-bellied marmots (Marmota flaviventer). Our field experiment offers an example of the diverse issues that arise when conducting oxytocin manipulations in ecologically relevant contexts. Our synthesis highlights the challenges associated with acquiring adequate sample sizes for field-based, manipulative studies that require standardized measures of social behavior. Taken together, our findings lead us to join others in calling for revision of a simplistic view of oxytocin's role in regulating patterns of behavior. We draw from classical approaches used to study the mechanistic basis of behavior and offer a useful guide for disentangling these effects while appreciating the complex actions of oxytocin in shaping mammalian social behavior.
Introduction
In 1974, Richard D. Alexander proposed that natural selection likely favors the evolution of sociality due to increased resource access and protection from predators. Social scientists have since shown that the quality and quantity of social relationships enhance health outcomes and reduce mortality in humans (House et al. 1988; Holt-Lunstad et al. 2010) . These remarkable findings stimulated parallel lines of inquiry in free-living mammals for which individuals may be tracked across their lifespans (reviewed by Silk 2007; Smith 2014; Smith et al. 2017) . Indeed, social interactions beyond those occurring during mating or rearing influence components of fitness, predicting infant survival (e.g., savannah baboons, Papio cynocephalus, Silk et al. 2003) , longevity (baboons, Silk et al. 2010 ; rock hyraxes, Procavia capensis, Barocas et al. 2011) , over-winter survival (yellow-bellied marmots, Marmota flaviventer, Yang et al. 2017) , and reproductive success (e.g., feral horses, Equus ferus, Cameron et al. 2009 ; house mice, Mus musculus, Weidt et al. 2008 ; bottlenose dolphins, Tursiops truncatus, Frère et al. 2010 ; yellow-bellied marmots, Wey and Blumstein 2012; Blumstein et al. 2016) . These data provide strong evidence for the fitness consequences of sociality, yet our understanding of the proximate mechanisms mediating sociality remains in its infancy.
The hypothalamic neuropeptide oxytocin may offer one promising tool for understanding the neural mechanisms underlying social decisions involved in the formation and maintenance of affiliative relationships. For instance, many social scientists claim oxytocin enhances trust, intragroup cooperation, and prosocial tendencies in humans (Heinrichs et al. 2009; Bartz et al. 2011; Olff et al. 2013) . These findings contribute to the perception in popular culture that oxytocin is simply a "love drug" or "cuddle hormone" (Miller 2010; De Dreu et al. 2011; Yong 2012) . Most oxytocin research since its initial discovery (Dale 1906) and synthesis for use in research studies (Vigneaud et al. 1953 ) has focused on the use of rodent models and livestock to inform medical and agricultural practices (e.g., Soloff et al. 1979; Fuchs et al. 1982) . In the early 1990s, laboratory studies suggested that oxytocin promotes pair bonding in the socially-monogamous prairie vole (Microtus ochrogaster; Carter et al. 1992; Williams et al. 1994; Young et al. 1999 Young et al. , 2001 . Manipulative surgery was used to puncture the skulls of living subjects to directly access and manipulate cerebral spinal fluid prior to the subjects being sacrificed and dissected. Although this research promoted a massive interest into the effects of oxytocin on behavior, invasive methods are not always ethical, desirable, or even possible for field researchers interested in mechanisms mediating behaviors in free-living mammals, particularly when subjects are part of a long-term study.
Many non-invasive studies have alternatively tested for correlations between changes in social behaviors and increases from baseline measures in endogenous peripheral oxytocin. Correlative evidence, mainly from human subjects, has been reviewed previously (see Crockford et al. 2014 ). More recent correlations also suggest links between increases in endogenous peripheral oxytocin and maternal behavior in gray seals (Halichoerus grypus; Robinson et al. 2015) , pair bonding in common marmosets (Callithrix jacchus; Finkenwirth et al. 2015 Finkenwirth et al. , 2016 , and food sharing, social bonding, and intergroup conflict in chimpanzees (Pan troglodytes; Crockford et al. 2013; Wittig et al. 2014; Samuni et al. 2016) . However, the degree to which circulating levels of peripheral oxytocin relate to central measures of oxytocin remains highly debated (McCullough et al. 2013; Crockford et al. 2014) . Moreover, correlative studies are limited in their ability to offer decisive evidence of causation. Thus, oxytocin manipulation is required for definitive evidence of the links between oxytocin and social behaviors. We posit that oxytocin experiments comparing changes in behavior from baseline for known individuals may offer a useful method for identifying social behaviors that share a common hormonal mechanism across the mammalian lineage.
Here we performed a literature review to document the numbers of studies published over the years that focus on: 1) oxytocin in any capacity, 2) manipulative oxytocin experiments, and 3) the role of oxytocin in mediating prosocial and antisocial behaviors within social and mating contexts, respectively. We draw from the results of our review in combination with pilot data gleaned from an original field study in an effort to offer a useful guide for future researchers who wish to study oxytocin in naturalistic settings.
Methods
We conducted a literature review to document the recent surge in studies investigating the behavioral effects of oxytocin. Our goal here was to survey the rapidly expanding literature rather than to measure the effect sizes of response to oxytocin per se. A formal meta-analysis would be a logical next step to be performed based on the results of our current review. Our analysis started with 1956, the first year a study of its biological effects was published. We performed a literature search in PubMed Advanced Search Builder at the National Center for Biotechnology Information (www.ncbi.nlm.gov). We selected this search engine over Google Scholar because of the increased selectivity it allowed for in our search terms. Data were binned into 5-year intervals (from 1956-1960 to 2011-2015) .
All searches were limited to key terms occurring in the Title and/or Abstract of each article. For each set of criteria, the final terms for inclusion and exclusion (see Online Appendices 1-3) were established based on an iterative process of running our automated queries in PubMed, visually inspecting the titles and abstracts for the generated results, and then repeating this process until the results produced by the standardized criteria generated an inclusive yet appropriate list of articles for the given line of inquiry.
First, we quantified the number of studies involving "oxytocin" in the title and/or abstract (see Online Appendix 1). Second, we investigated the extent to which manipulative studies used central or peripheral manipulations to study its effects in human and non-human mammals (see Online Appendix 2). We defined peripheral administration as routes of administration that fail to act directly on the brain; in practice, this often involves the injection of oxytocin into an extraneous part of a subject, such as in a limb or in the rump (see Table 1 ). In contrast, central administration acts directly on the brain; traditionally this required surgery to deliver oxytocin directly to the cerebral spinal fluid, but recent validations show oxytocin delivered through the nasal passage via nebulization, nasal syringe or nasal spray passes the blood-brain barrier to act directly on the central nervous system (e.g., Neumann et al. 2013; Striepens et al. 2013; Lee et al. 2017) .
We distinguished between prosocial (e.g., sociopositive, cooperative, and friendly behaviors, including play, food sharing, allogrooming, and maintaining spatial proximity) and antisocial behaviors (e.g., directing aggression toward, increasing spatial distancing from, or decreasing huddling with unfamiliar conspecifics; see Beery 2015) . Moreover, recognizing that the contextual nature of such effects (e.g., Campbell 2008; Bartz et al. 2011) , we categorized behavioral studies as occurring in mating or social contexts (see Online Appendix 3). Mating partners were heterosexual pairs of adults whereas social partners included family members of all ages (e.g., parents, offspring, siblings), immatures of any sex combination, and unrelated adult conspecifics of the same sex (e.g., close associates, allies, grooming partners).
Finally, we extracted information from studies on non-human mammals for which oxytocin experiments were performed to track behavioral changes. Information includes the dosage, delay until behavioral testing, sample size, and setting used for each study as well as its major finding. For this aspect of the review, we specifically searched for as many field experiments as possible (but only found one published study) and biased our efforts in search of studies investigating non-model organisms to capture as many non-traditional taxa as possible. This table is therefore not meant to be exhaustive but rather to highlight the emerging diversity of species studied, with an emphasis on behavioral responses by non-model organisms. We supplement these findings with preliminary results from a field experiment on a facultatively social ground squirrel, the yellowbellied marmot (see Online Appendix 4). Briefly, we investigated the potential for intranasal oxytocin administration to increase or decrease their sociability, defined as the tendency for an individual to seek behavioral interactions with conspecifics. Our primary goal for reporting these pilot data is to offer readers a salient example of the challenges arising from studying behavioral neuroscience in naturalistic settings. We conclude by developing what we hope will be a useful guide to support future studies.
Results
We identified nearly 20,000 oxytocin studies published over the past six decades (Fig. 1) . Most studies focused on non-human subjects (Fig. 2) , with early research focusing mainly on drug therapies related to sexual activity, penile erection, ejaculation, pregnancy, uterus contraction, milk ejection, maternal behavior, osteoporosis, diabetes, and cancer (see: Manning et al. 2008; Viero et al. 2010) . Manipulative studies continue to be rare, with only 4% and 9% of all oxytocin studies ( Fig. 1 ) relying upon peripheral and central manipulations, respectively ( Fig. 2) . Although only 16% of all manipulative studies relied upon human subjects, 54% of these were published over the past 5 years (Fig. 2) . The now seminal publication by Kosfeld et al. (2005) suggesting that intranasal oxytocin increased interpersonal trust in humans stimulated much of this work. Studies over the past decade reveal links between oxytocin and social recognition, empathy, and other components of the human behavioral repertoire (Bartz et al. 2011; Veening and Olivier 2013) .
Nonetheless, our scientific understanding of the many roles of oxytocin in mediating prosocial and antisocial behaviors within social ( Fig. 3A ) and mating ( Fig. 3B ) contexts is largely limited to those on changes in behavioral traits over the last five years (Fig. 3) . Within the social context, 44% and 34% of all studies focusing on prosocial and antisocial behavioral changes, respectively, were conducted from 2011 to 2015 (Fig. 3A) , with the first of these studies published in the 1981-1985 period. In addition to these studies on prosocial behavior (e.g., maternal bonds, friendships), we also found an increase in the number of studies of antisocial behavior (Fig.  3A) . This latter result highlights our growing understanding of the importance of oxytocin in mediating a range of antisocial behaviors. These latter studies focused on oxytocin promoting aggression directed toward unfamiliar conspecifics (often called "defensive" or "outgroup" aggression, see Beery 2015) and decreasing the tendency to huddle or maintain spatial proximity with unfamiliar individuals.
Studies on the behavioral effects within the mating context were also surprisingly sparse, emerging in the early 1990s (Fig. 3B) . Studies document an equal Oxytocin shapes mammalian behavior c Time lag to measured response (between dosing and measured behavioral response). interest in the prosocial and antisocial effects of oxytocin on mating behavior. Similarly, 50% and 28% of studies focusing on prosocial and antisocial behaviors, respectively, in the mating context, were also published from 2011 to 2015; the first study was only detected in the 1991-1995 period. Finally, the peripheral or intranasal administration of oxytocin in the absence of highly invasive surgical procedures has stimulated recent studies focusing on the potential for oxytocin to alter cooperative investments, increase spatial proximity, and promote playful behaviors in a growing range of mammalian species (Table 1) . The studies highlighted here focus on non-model organisms studied in natural contexts to the extent that such published data exist. Nonetheless, our review was only able to locate one published field experiment. Specifically, Madden and Clutton-Brock (2010) showed that peripheral injections of oxytocin promoted a suite of cooperative behaviors in the meerkat (Suricata suricatta), a social carnivore. This seminal field study capitalized on a long-term study of habituated mammals for which the life histories and social relationships among individuals were known. One additional study emerged after the completion of our systematic review, documenting the positive social effects of peripherally-administered oxytocin on proximityseeking behavior in wild gray seals (Halichoerus grypus; Robinson et al. 2017) . The pilot data from marmots failed to yield definitive results (Online Appendix 4) and we discuss methodological issues below. Subsequent field studies are warranted.
Discussion
The results of our review and our pilot data highlight the challenges associated with getting adequate sample sizes for field-based, manipulative studies on non-model organisms that require standardized measures of social behavior, and the potential for oxytocin to promote both prosocial and antisocial behaviors. Our literature review primarily on model organisms studied in highly-controlled conditions (Table 1 ) offers some insights.
Although sample sizes in captive work may often be limited by housing facilities and ethical considerations, field studies present their own set of challenges associated with getting adequate sample sizes for manipulative studies with low statistical power. This notion is consistent with the results of our preliminary field experiment on marmots (Online Appendix 4). That is, our inability to detect strong, directional, or sex-specific effects of oxytocin on sociability of yellow-bellied marmots in a field setting offers additional insights about the difficulties one might run into while conducting behavioral neuroendocrinology research, particularly when aiming to perform manipulative experiments using peptide hormones such as oxytocin in wild populations. The pilot marmot field study highlights the diverse issues that arise when attempting to conduct these sorts of studies in ecologically relevant contexts. For instance, our inconclusive results may be attributed to small sample sizes, insufficient statistical power, insufficient doses of oxytocin, and/or inadequate time delays between administration and testing. Moreover, because stressors can interact with oxytocin (Lang et al. 1983; Neumann 2002; Heinrichs et al. 2003; Parker et al. 2005) , these pilot data also raise important questions about the potential for stressors to interact with the effects of oxytocin on free-living animals confronted with novel Oxytocin shapes mammalian behavior contexts (i.e., prolonged handing time, testing arenas) (Smith et al. 2012) .
Although some human studies document strong and immediate effects of intranasal oxytocin within 10-15 min (e.g., Hohmann et al. 1985; Weisman et al. 2012) , studies document delays of up to 30 to 50-min between intranasal exposure and increases in oxytocin on behaviorally relevant brain areas (e.g., mice and rats; Neumann et al. 2013) , cerebral spinal fluid (e.g., rhesus monkeys, Macaca mulatta; Dal Monte et al. 2014) , and behavioral responses (e.g., allogrooming in bats; Carter and Wilkinson 2015) . Moreover, our preliminary tests failed to detect behavioral responses in yellow-bellied marmots 11 min after injections, further suggesting that peak brain and/or behavioral responses may have occurred after the behavioral test ended (Online Appendix 4). Future studies are needed to understand the responses to oxytocin on behavioral changes in this target species and to understand inter-species variation in responses more generally. Future field studies must trade-off the potential interspecific differences in the time lag until oxytocin shapes behavioral responses with the welfare cost of restraining wildlife in the field for an excessive amount of time. In addition to welfare concerns associated with experimental stress, creating an artificially stressful situation may block the effects of oxytocin.
Perhaps it is therefore unsurprisingly that much of the seminal work on behavioral decisions relies upon model organisms in highly-controlled settings. These foundational data collected in controlled settings are clearly valuable in shaping our understanding of the chemical actions controlling mammalian behavior. Emerging evidence additionally suggests the need to assess oxytocin's context-specific (e.g., pigs, Sus scrofa, Camerlink et al. 2016) , sex-specific (e.g., prairie voles, Bales and Carter 2003) , and dyad-specific (e.g., common vampire bat, Desmodus rotundus, Carter and Wilkinson 2015) effects. For example, effects of oxytocin on food-sharing in vampire bats were only detected after controlling for membership and relative allogrooming within dyads, suggesting that individual differences and social preferences interact with the effects of oxytocin (Carter and Wilkinson 2015) . These findings offer exciting avenues for future investigations that capitalize upon complex testing scenarios in naturalistic settings.
Our review also reveals that oxytocin mediates behaviors ranging from ultrasocial to antisocial (McGregor et al. 2008; Beery 2015) . For example, behaviors include spatial distancing from social partners (Brown capuchins, Cebus paella, Brosnan et al. 2015) as well as increased aggression toward or decreased huddling with unfamiliar individuals (e.g., prairie voles, Bales and Carter 2003) , all of which vary with increases in social selectivity (Table 1) . Further investigation into the role of oxytocin in mediating antisocial behavior across multiple contexts should yield fruitful results. These complex effects are relevant in non-human animals (e.g., Romero et al. 2016) and require investigation within an evolutionary framework (e.g., Hofmann et al. 2014) .
Taken together, we join others in calling for revision of an overly simple view of oxytocin's role in modulating social behavior. Indeed, the effects of oxytocin likely reach beyond maternal attachment and pair bonds to mediate affiliative and agonistic interactions among non-human mammals (Beery 2015; Romero et al. 2016) . Because free-living animals must cope with socioecological variation, understanding the degree to which the actions of oxytocin are relevant to the neurological substrates mediating prosocial and antisocial behaviors in natural contexts is extremely important. Although the salience of oxytocin may indeed be muted by low power in field conditions or in studies involving non-model organisms for which subject physiology is less well understood, we urge biologists to continue to study oxytocin's effects in the field so that we may understand the true magnitude of its effects in ecological settings. Future studies that focus on a broad range of taxa that document the relative effects of oxytocin on behavioral shifts by known individuals will prove useful in addressing this despite the fact that field experiments aimed at understanding the prosocial behaviors are inherently challenging to design, as reviewed elsewhere (No€ e 2006) . It is perhaps unsurprising that field studies aiming to capture the physiological mechanisms underlying social behaviors also prove challenging to capture, as was the case in our field study.
With these issues in mind, we draw from classical principles for studying the mechanistic basis of behavior to propose what we hope will be a useful guide for future workers to understand experiments that yield observed directional changes (e.g., increases or decreases) in prosocial and/or antisocial behaviors, no detectable changes, or inter-individual differences in responses (Fig. 4) .
First, the nature of oxytocin manipulations themselves must be considered. The dosage given and mode of oxytocin administration has also been shown experimentally to influence behavioral responses, particularly in rodent models (Williams et al. 1994; Kent et al. 2016 ). Future research is required to understand how dosage-dependent effects and the timing of their actions on the central nervous system vary by species (see Table 1 for range of dosages). Thus, experimental results will likely depend upon the type of administration (injections with central or peripheral actions), dosage across subjects (mass-specific or fixed dosage), and the sample size of subjects involved.
Second, manipulations occur within a context that involves social (presence/density of conspecifics as well as the social or sexual relationship of subjects to potential mating/social partners and/or competitors) and ecological factors, determined by the degree of realism (e.g., captive versus wild setting, duration of test), abiotic factors (e.g., weather, climate), and biotic factors (e.g., predation risk, resource availability) that might vary (Fig. 4) . Although these factors are often controlled for in captive settings, future studies allowing these contexts to vary are warranted to move the field forward.
Finally, oxytocin also acts through individuals possessing traits within these socioecological contexts. Individual's traits may vary as a function of experience (e.g., age, life history stage), sex, reproductive condition (e.g., lactating, estrous), social status (e.g., dominance, social connections), previous experience, epigenetics, genome, and/or personality type of subjects being tested. Although the effects of oxytocin are known to vary based on the traits of individuals and the social context of testing for humans (Campbell 2008; Bartz et al. 2011; Bos et al. 2012; Bethlehem et al. 2014) , the extent to which various factors may act directly or in a nonadditive manner to influence the effects of oxytocin on behavioral responses in non-human mammals is poorly understood and deserves subsequent study.
Our review also identifies the paucity of field studies on this topic and our pilot data on marmots illustrate additional challenges associated with collecting adequate sample and/or effect sizes for standardized measures of social behaviors that might explain this pattern. This finding extends a parallel body of work questioning the seemingly remarkable reports about the widespread salience of oxytocin in mediating human social behavior (McCullough et al. 2013; Nave et al. 2015; Leng and Ludwig 2016) ; for example, many published results on intranasal oxytocin effects in humans may fail to represent true effects and lack adequate statistical power (Walum et al. 2016) . Going forward, we hope that our proposed guide will offer a useful framework for integrative biologists to design and interpret future experiments so that we may collectively push the field forward by documenting the subtle and often overlooked nuanced effects of oxytocin within socially and ecologically dynamic contexts. stimulated this paper and new insights regarding this work. We also thank the field assistants of the marmot project at the Rocky Mountain Biological Laboratory (RMBL 
